Fluid Flow and Solute Migration
Within the Capillary Fringe
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Abstract

Laboratory experiments involving both homogeneous and heterogeneous porous media are used to demonstrate that fluid flow
and solute transport will occur regularly in the capillary fringe (CF), including both vertical (upward as well as downward) and
horizontal flow velocities. Horizontal flow above the water table appears to be limited primarily to the region of high water sat-
uration (i.e., the CF), an observation supported by numerical modeling and consistent with the literature. Beyond observations
presented in prior literature, it was observed that exchange of water within the CF with water below the water table is active, with
flux both from the CF downward across the water table and from the region below the water table, upward into the CF. This flux
is enhanced by the presence of physical heterogeneity. These findings strongly contrast the common conceptualization of pre-
dominantly downward vertical fluid flow through the unsaturated zone, with transition to fully three-dimensional flow only below
the water table. Based on these observations, it is suggested that the CF may affect, far more significantly than is usually
assumed, the natural geochemical and microbial conditions present in the region of transition from unsaturated to saturated ground

water flow.

Introduction

A key question in the characterization. exploitation and reme-
diation of ground water aquifers concerns identification ol pathways
traveled by water, and the impact of these pathways on the move-
ment of solutes and the viability of microbial populations. In this
study, we are particularly interested in observations of fluid flow and
solute transport within the capillary fringe (CF). with emphasis on
the impact of physical heterogeneity and exchange of water between
the CF and the region below the water table. It is recognized. at the
start of this discussion, that multiple definitions have been presented
for the CF (Abdul and Gillham 1984; Ronen et al. 1997). For the
present work, we define the capillary fringe as the zone immediately
above the water table where the water content remains at or close
to saturation. In operational terms, the top of the capillary fringe is
where the pressure in the pore water is at the air-entry value (or bub-
bling pressure) as used in the equations of Brooks and Corey
(Brooks and Corey 1966: van Genuchten 1980; Simunek et al.
1999). This definition is used here for two reasons: First, it is con-
sistent with the discussion of air-entry contained in the latter por-
tion of this paper: second, for the experiments described. the region
of transition from full saturation to residual saturation was relatively
sharp, thus making it difficult to observe behavior at heights above
the air-entry point.
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A substantial body of literature exists that deals with the role
of the capillary fringe as an interface between the vadose zone and
the saturated zone below the water table. With respect to hydraulic
aspects, several authors have investigated the influence of the CF
on hydrologic response near streams and excavations in shallow
phreatic systems (Abdul and Gillham 1984; Gillham 1984; Mixon
1984: Akindunni and Gillham 1992). These studies are primarily
concerned with the response of surface water bodies to storms, but
lateral flow within the CF is often shown to be an important mech-
anism of the horizontal motion of water within the subsurface.
Other studies have dealt with hillslope runoff above and through the
CF (Kinouchi et al. 1991). the response of ground water systems 10
rapid transients such as wave run-up (Li et al, 1997), pumping from
wells in unconfined aquifers (Zhang et al. 1999; Nwankwor et al.
1992), and precipitation events (Abdul and Gillham 1984; Jayatilaka
and Gillham 1996: Jayatilaka et al. 1996: Rosenberry and Winter
1997). In each case. the CF has been shown to have important local
effects on the response of the hydrologic system to changes in
local recharge, boundary conditions, or pumping. Several authors
have also demonstrated the influence of such changes on vertical
variations in water content and matric potential above the water table
(Nielsen and Perrochet 2000; Lehmann et al. 1998).

Most relevant to the present analysis is a series of studies, based
mostly on use of numerical models, which focus on the relative impor-
tance of seepage faces (Shamsai and Narasimhan 1991: Wise et al. 1994;
Boufadel et al. 1999; Romano el al. 1999), These studies consider lat-
eral flows in the CF and provide evidence that the CF plays a signifi-
cant role in determining the height of seepage faces and their contri-
bution to overall low. One can conclude from these studies that proper
prediction of flow below the water table may be reliant on inclusion of
capillarity effects as an upper boundary condition on a model of satu-
rated ground water flow (Parlange and Brutsaert 1987), or use of a fully
saturated/unsaturated model of flow within the combined vadose zone,
CF. and saturated ground water zone (Simunek et al, 1999).

76 Vol. 40, No. | —GROUND WATER—January-February 2002 (pages 76-84)



Figure 1. Transport experiment in homogeneous packing within the first tank, Overall dimensions of the sand compariment were .27 min
the direction of mean flow, 0,17 m width perpendicular to the mean fow, and 0.21 m from the base of the tank to the upper sand surface. Flow
in these images was from left to right with the dye introduced at the locations shown by the blue circles. The movement above the water table
(the water table is shown by the dotted blue line) is evident in the motion of the dye spots. The blue arrows show the association between each
dye spot and the original location of injection of that spot (the arrows do not necessarily indicate the transport route). The images are in chrono-
logical order from Figure Ta through Figure 1d. The red dye invading from the left in the latter figures is a secandary front of dye entering

through the inflow reservoir. For this and all later figures, the times reported on the figures are the times since the introduction of the dve tracer.

The CF is also active both hiologically and geochemically. as
evidenced by analysis of water collected within this region. The CF
hits been shown to hive significant effects on the vertical motion
ol gas-phase transport (MeCarthy and Johnson 1993), displacement
ol ENAPLs (lawitz et al. 1998), degradation processes (Ostendor
et al. 1995: Zaidelman e al. 1997; Lahvis et al. 1999), €O, pro-
duction and transport (Affek et ul. 1998 Caron etal. 1994, 1998%),
and root water uptake and plant growth (Feddes et al. 1978).
Studies alsosuggest that biological and geochemical activity in the
immediate vicinity of the water table may be significant (Ronen et
al. 1989), and that flow and transport processes in the capillary (ringe
are likely to be lnghly heterogeneous with effects ranging from vari-
able moisture contents, 1o the capillary [ringe forming local traps
for LNAPLS in the fluid phase and dense volatiles in the gas phase
(Ronen etal. 1997, 2000),

The studies mentioned lead to the conelusion that the CF muy
significanty affect the evolution of fluid flow and solute transport
from the vadose zone to the saturated zone below the water table,
Notwithstanding the literature cited, the dynamic interplay of flow
and transport mechanisms across and within the CF is not well
understood. Further. it s not clear that the importance of the influ-
ence of the CF on fluid Mow and miscible solute transport is well

recogimized. Significantly, a number of textbooks on ground water
hydrology virtnally ignore the CF. Except near regions of dis-
charge 1w surface water bodies. Nuid Now and solate transpait in the
subsurface is commuonly conceptualized as primantly vertical in the
unsaturated zone. Itis generally assumed thit the region immedi-
ately ahove the witer table can be characterized by predominantly
vertical Mow. A notable exception is the contribution by Bouwer
(19781, which discusses empirical means of estimating horizonual
How and its sigmificance in the CE

In the present study. we qualitatively demonstrate through
use of a series of laborawry experiments that flow and solite trans-
port within the CFis strongly dependent on the nature of the phys-
ical heterogeneity ol the sediments in the vicinity of the CF and
likely includes horizontal and vertical tupflow and downflow)
fTuxes. As such. the CF may play a major role in defining the geo-
chemistry and microbiology near the water table as it represents a
zone of active mixing amony witers., solutes. and microorganisms
derived from recharge. influx boundaries, hydraulic exchange with
ground water, ditfusion, and gas exchange with both the vadose and
saturited zones. Thus, the CF may have lar greater impact than pre-
viously perceived on sample collection and interpretation, transport
of contaminants and nutrients near the water table, angd design of

SE Silliman et ol GROUND WATER 40, no, |3 7684 77



A

45 Minutes

Figure 2. Transport experiment in homogeneous packing within the
second tank. Overall dimensions of the sand compartment were
1.0.m in the direction of mean flow, 0.10 m width perpendicular to the
mean fTow, and 0.8 m from the base of the tank to the upper sand sur-
face, Flow in this image was from left to right with approximate
location of the water table marked with the dashed blue line. The
upper limit of high saturation is indicated by the change in color of
the sand, highlighted by the thin red line (the upper line is irrelevant
to the experiment shown). Five spots were initially added to the sys-
tem (see blue dots on figure): one below the water table, one approx-
imately at the water table, two in the CF, and one above the CF.
Once again, the arrows illustrate the association between dye spot and
the original point of injection and are not necessarily indicative of the
flow route.

remediation strategies. These assessments are eritical 1o manage-
ment and exploitation of aguifers,

Equipment Used in These Demonstrations

Twa luboratory flow tanks were used to characterize the degree
ol fluid flow and solute transport that can occur within the CH
(Figures I'and 2). Significantly, the two low tanks were of differ-
ent size and were [illed with sands with substantially different
characteristics. The first tank provided Tor a volume of sand of
dimension (.27 m (length) x 0.17 m (width) * 0.21 m (height).
The second tunk provided for a volume of sand of dimension
1O m (length) > 0,13 m (width) X< .89 m (height).

For both tanks, the porous medium studied was packed under
saturated conditions, with the water level later lowered in the inlet
and outlet reservoirs 1o establish a preseribed head drop across the
length of the tank. For all experiments conducted, Mlow was allowed
to reach steady-state conditions (as indicated by a lack of change
in the rate of flow through the medium. constant water levels in the
reservoirs and. for the second tank. constant elevation of the upper
boundary of the region of high moisture content—identified through
visual inspection as illustrated in the figures). The sands along the
inflow and outflow reservoirs. above the level ol water in the
reservoirs, were horizontally confined using screens and were
open to the atmosphere, For both tanks. the upper surface of the tank
was covered (o reduce the elfects of evaporation from either the
upper sand surface or the vertical surfaces of the sand above the
water level at the inflow and outlet reservoirs.,

The sands used in these experiments were of similar mean grain
size, but were dramatically different in terms of homogeneity and
grain-size distribution. The experiments performed in the smaller
tank were performed with a locally available sand from the region
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Table 1

Parameters in the Head/Moisture Relationship
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Within this expression, € and €, are the residual and ssturated winer contents,
respectively, 8 s the elfective saturation, I is the pressure head, and & and nare shipe
Tactors (Schroth el al. 1996)

around Rehovot, Israel. that can generally be characterized as a
medium-grained, unwashed sand. The experiments performed in the
larger tank were based on commercially available, presieved.
washed silica sands. These sands have been used in a number of pre-
vious studies of fluid flow and solute transport in both the vadose
and saturated zones (Fry et al. 1997; Schroth et al. 1996; Silliman
et al. 2001). Two grain sizes were used in these experiments. For
the homogeneous experiments discussed later, 4 40/50 mesh sand
(0.30 to 0.425 mm grain size) was used. For the heterogeneous
experiments discussed later, the “fine” sand is once again the 40/50
mesh sand. whereas the “coarse™ sand consisted of a 12/20 mesh
sand (0.85 to 1.55 mm). As the experiments run on the small tank
were gualitative in nature, no measures of the mean capillary rise
or saturated hydraulic conductivity were completed for this sand,
The saturated hydraulic conductivities for the sands used in the large
tank were measured at 7.8 X 10~ and 4.9 x 10~ mi/sec for the fine
and coarse sands, respectively (Silliman et al. 2000: slightly lower
saturated conductivities were reported for the same mesh-size
sands from the same source by Schroth et al. 1996), Schroth et al,
(1996) state that the pressure moisture relationship for the sands used
in the large tank follows the van Genuchten (1980) model with
parameters as provided in Table 1. Visual ingpection of Figure 3 from
Schroth et al. (1996) indicates air entry heads for the coarse and fine
sunds of approximately 0.06 m and 0.20 m, respectively. These are
consistent with observed maximum heights of high-moisture con-
tent in these two sands during our experiments,

Tracer was added to each of the porous media through a series
of injection tubes installed while the tanks were being packed
and/or pushed into place following the completion of packing.
Tracer could also be added to the inflow reservoir, providing a dye
front moving through the porous medium. Dye was used through-
out all experiments as the primary tracer. NaCl was also used as a
tracer in the first tank (using suction cup lysimeters (o sample
from within the medium) to ensure that the behavior observed
with the dye was consistent with the behavior of a conservative
tracer. The behavior of the dye closely matched that of the NaCl,
such that it was concluded that the dye was behaving as a conser-
vative tracer, For this reason, combined with the ease of use/detec-
tion of the dye, no chemical tracer was used in the second tank so
as to avoid the necessity of installing/using suetion eup lysimeters.

For all experiments. the flow field was established and allowed
to come to steady-state prior to injection of dye. Dye was added in
one of two fashions. In the first, dye was added to the inlet reser-
voir and carried into the medium by the low from this reservoir, thus
providing a uniform initial coverage over the saturated thickness bor-
dering the inlet. In the second, dye was introduced through one or



Figure 3. Motion of teacer in the first tank as predicted by Hydrus-
2D (Simunek et al. 1999) showing the spread of the tracer above the
water table. Flow is again from left to right. Comparison of the fig-
ures illustrates the predicted upward motion of the tracer near the
inflow (left) boundary of the medium and the downward compo-
nent of the tracer velocity near the outflow houndary, The dashed ling
illustrates the approximate location of the water table in these simu-
lations, The time of simulation represents initial location of tracer, 30
minutes after injection, and 90 minutes after injection.

more of the tubes installed for this purpose. Dye wis added in con-
stant volume 1o each point 1o increase the uniformiy of the Visu-
alization, The dye was at a slightly higher density than the water in
the tanks, This change in density was intentional to avoid any con-
cern that movement of the dyes from below the water table into the
CF was driven by density,

Horizontal Flow Within the CF

Figures | and 2 illustrate the movement of individual spots of
dye within homogeneous packings of sand in the first and second
tank, respectively, Seven dye spots were released in the first tank.
with all but the lowermost spot being within the CF. Five dye
spots were released 0 the second tank with one spot below the water
table., one spot approximately at the water table, two spots in the CF,
and one spot above the CF. Flow is. on average. from left 1o right.
Itis emphasized that the driving force for all flow in these tanks wis

Table 2
Results of Numerical Simulation of Horizontal Flux
Above the Water Table for a Homogeneous Medium
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dertved from the difference in water levels in the reservoirs and that
no driving force was applied i either reservoir above these water
levels.

A number of observations are mude resarding these results.
First, as expected. the dye spots at and below the water table
moved m the direction of the mean hydraulic gradient. Second, both
images show strong evidence of vertical and horizontal motion of
the dye spots situated within the CE. Of particular interest are the
dye spots near the inlet reservoir in Figure | and the dye spot near
the upper limit of the CF in Figure 2.

The spots near the infet reservorr tlustrate a significant upward
caomponent to flow (compate. for example. the spots near the lelt
boundary in Figures la through ¢, Thus. near the inflow bound-
ary. the pore water velocity has a significant vertical (upward)
component both in the region bordering the water table and in the
CF at heights up to the upper surface of the sand. Vertical compo-
nents to the pore water velocity within the CF are also observed in
a comparison of Figures ¢ and 1d, where the flow field is con-
verging toward the saturated zone al the outflow boundary. 1t is
emphisized that these vertical components to the pore-water veloc-
ity are driven purely by the difference in head between the two
bounding reservoirs (ie.. we tave not impased a vertical gradient
via the boundary conditions ).

The movement of the dye spot al the upper surface of the CF
i Figure 2 demonstrates that there is active flow along this upper
portion of the CF. [vis evident that the pore water at the upper sur-
face of the CF is in active horizontal mation. Such motion is con-
sistent with hehavior observed for all dye spots at lower elevations,
hut contrasts with the behavior of the dye spot that was injected
above the CF (Figure 2). which shows only slight vertical movement
and essentially zero horizontal motion. [t is elear that the behavior
above the CF is quite different from the hehavior within the CF.

Numerical Analysis of Homogeneous Sands
To gamn confidence that the experimental results were not
experrmental artitacts and 1o 1lustrate the relative importance ol hor-
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Figure 4. Infiltration experiments in the second tank. Flow below the water table is at steady state. The dye was added as a slug input within
the region seen as a dark rectangle in these images. The slug was flushed into the sand with clear water applied uniformly over the entire upper
surface of the sand. The images are in chronological order moving from Figure 4a through Figure 4d.

izontal flow within the CF. the flow geometry used in these exper-
iments was reproduced numerically and the resulting flow field pre-
dicted using Hydrus-2D modeling software (Simunek et al. 1999),
a finite-element solution of Richard's equation for variably saturated
porous media. Hydrus-2D was applied to the flow geometry of the
first tank for a range of sediment properties ranging from sand to
clay. Figure 3 shows a typical result (for sand) regarding the motion
of the dyes injected at locations coinciding with those used in
Figure 1. The results in this figure demonstrate behavior qualitatively
similar to that shown in Figures | and 2, including strong vertical
flux near the inlet and outlet boundaries, and horizontal/vertical
migration of the tracer within the CF. The qualitative agreement
between the numerical and experimental results leads to the con-
clusion that the experimental results reliably replicate the flow
and transport to be expected in these porous media under these
boundary conditions.

Confidence in these experimental results leads to the question
of whether flow through the CF is of significance from the stand-

point of regional hydrology. Based on the empirical arguments of

Bouwer (1978) regarding the relative thickness of the CF versus the
underlying aquifer, we anticipate that, under the vast majority of field
conditions, horizontal flux above the water table (the CF and over-
Iving vadose zone) will be negligible compared to horizontal flux
below the water table.
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To address this question. we used Hydrus-2D to simulate hor-
izontal flux through a satrated/unsaturated medium for a wide range
ol sediment types (e.g., a wide range of hydraulic characleristics as
expressed by van Genuchten or Brooks and Corey functions (van
Genuchten 1980; Simunek et al. 1999). The length of the simulated
region in the horizontal direction was 100 m and the vertical
dimension of the grid varied dependent on desired thickness of the
saturated zone, Constant head houndaries were used at the inflow
and outflow edges of the numerical grid with a no-flow boundary
along the base of the grid and zero recharge along the upper surface
of the grid. The total horizontal flux. Q. above the water table was
estimated and compared to the flux observed below the water table
for aquifer thicknesses of 1. 10, and 100 m. The calculations were
completed ignoring the effects of the vertical boundaries, i.e., the
same mean horizontal gradient was applied in both the unsaturated
and saturated zones.

While further details of these numerical experiments are
beyond the scope of the present manuscript, the primary points of
interest are summarized in Table 2. Two key paramelers are pro-
vided: the height above the water table below which approxi-
mately 99% of all horizontal, vadose-zone flux occurs and the
percentage of the total horizontal flow through the medium that
occurs above the water table (for aquifer depths, below the water
table, of approximately 1, 10, and 100 m). It is apparent from
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Figure 5. Motion of the dye in the presence of: (a1) a continuous layer of coarse sand above the water table, and (b) a lens of coarse sand above
the water table. Flow is from left to right. The approximate location of the water table is illustrated using the dashed blue lines. The coarse
sand is the darker sand in these images. In Figure 5a, transport above the coarse layer is aided by flow through the coarse layer (hence the
more rapid advance of the dye in the fine sand above the coarse layer than in the region below the water table).

these results that Tateral low does not extend to significant heights
above the water table. nor does the CF typieally contribute signif-
icantly to hortzontal flow through an aguifer systent. As shown from
the previously mentioned experimental results and the results on het-
¢rogeneous media discussed Tater, however, the minimal contribu-
tion of the CF to horizontal Mow through an aquifer system does not
necessurily translate imo i lack of transport processes within the CF

The Flowpath of Recharge Water

The preliminary experimental and numernical results indicate that
the CF represents a reliatively minimal contribution to regionul
Mow. However, vertical and horizontal Tux within the CF has the
potential 1o dramatically alter Mluxes at the local scale, with possi-
hle impact on solute transport, geochernistry. and microbial dynam-
ics. Hence, an additional sequence of experiments were focused on:

(1) the role of the CF during recharge of tracers, (27 the impact of

heterogeneity, and (33 the potential for unusual hydrauhic behavior
in the vicinity ol the CF i the presence of hydraulic heterogeneity,

The first extension of the earlier results was through consid-
eration of recharge. The experiments illustrated in Figure 2 were
replicated with rechurge at the upper surface of the sand, Dye
tracer was added ar the surface over a narrow region near the inlet
reservoir. The results ol this experiment are summarized in Figures
Ja through 44, Atearly tme (Figare 4a) the dve tracer behaved much
as described in the literature tor solute migration through the
vadose zone Jawitz, etal, 1998: Gilass and Nicholl 1996: Gilass et
al. 1991: Martin and Koerner 1984), Specitically, the dye fingers
extensively and is subject 1o substantial vertical spread.

The dye behaves far differently. however. near the upper sur-
Face of the CF (Figures 4b and 4¢). The vertical spread so appar-
ent in the vadose zone is essentially reversed with the dye converging
Lo a narrow region at the top of the CF. For the flow field simulated
here (strong horizontal gradient below the water table) transport
changes (rom predomimantly vertical to predommamly horizontal.
Note that this transition occurs well above the water table, In lact,
the dye does nol intersect with the water tuble until the Mow field
converges 1o the region below the water level in the outlet reservorr
(Figure 4d). The implication here is that. for the flow field simulated.
witer flow is not vertically downward through the CF Rather.
flow will likely be predominantly horizontal i homogeneous

reaches of the CF 1ts anticipated that the transition within the cap-
illary fringe will be equally important, if somewhat modified from
that observed here. for other flow fields. For example. the ransi-
tion is likely w be quite different when the water table is coincident
with an aquitard (Keller et al. 1988, 1989), The discussion that fol-
lows is limited to consideration of the Mow conditions simulated here
(with horizontal gradient imposed below the water table).

The Presence of Coarse Layers Within the CF

Given the observation ol substantial horizontal {low within
the CF and the failure of the infilirating dye to move vertically
through the CF. we next investigated the impact of simple hetero-
gencity on the distribution of Now within the CF. To accomplish this
mvestigation. we repacked the medium, adding a horizontal layer
(Figure Sa) and a horizontal lens (Figure Shy of coarse sand ubove
the water table. As noted previously. the coarse laver used here
and in all subsequent experiments involving heterogeneous packings
consists of 1220 mesh sand (085 1o 1.55 mm) packed within a 40/50
mesh sand (0.30 10 0425 mym grain size). The course sand appears
as the darker layer (region) in each of the photographs.

Flow conditions were reestablished as inthe previous exper-
iments. but without infiltration, The medium was packed under sat-
urated conditions and the water levels in the reservoirs were low-
ered 1o the final levels shown in Figures 5a and 5h. It is significant
to note, and 15 discussed further in the nexit section. that the coarse
sand in Figure S remained at high moisture content during these
experiments despite its significant height above the water table.

As illustrated in Figures 30 and Sh, the impact of the coarse sand
wis dramatic. The high hydraulic conductivity within this sund led
o high water velocities traveling through the sand and, thereby. to
sigmiicant fingering/dispersion of the tracer front. Perhaps more sig-
niticant, the coarse sand provided rransport routes ubove the water
table capable of transporting substantial quantities of tracer.

Other Forms of Heterogeneity
and Air Entry Barriers

We had concern that the behavior shown in Figures 3a and 5b
resulted. in part, from the presence ol the boundary conditions
(1.¢.. the vertical low into the CF related to the inflow and outlet
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Figure 6. Motion of the dye in the presence of a nonhorizontal layer of coarse (darker) sand. Flow is from left to right. The green dye is the
tracer added with the new experiment. The red dye is the remnant of a prior tracer experiment. The approximate location of the water table
is illustrated with the dashed line. The movement of the green dye into the CF, horizontal across the CF, and then back below the water table
is clearly demonstrated. It should also be noted that the flow route through the coarse sand in the CF was substantially faster than the route
experienced by the red dye moving through the fine sand below the water table,

boundary conditions). It was not clear that, in the absence of these
artificial inlet and outlet boundaries, there would be a driving force
to carry the tracer from below the water table up into the coarse sand.
Henee, our final investigation involved asking the question of
whether a nonhorizontal heterogeneity could lead to movement of
fluid from below the water table into the CF that was distinet from
the effects of the boundaries.

The second tank was once again packed with a heterogeneous
porous medium. For these experiments, a curved layer of coarse sand
(the darker sand in Figure 6) was initiated below water level adja-
cent to the inlet reservoir, extended well above the anticipated ele-
vation of the water table, and returned to an elevation below the
water table adjacent to the outlet reservoir. The remainder of the tank
was filled with the fine sand. The medium was packed under sat-
urated conditions and all experiments were conducted under
drainage conditions. For reasons described later, a copper tube
(0.64 cm outer diameter) was packed into this medium such that the
lower tip of the tube was within the upper portion of the course zone.
The upper end of this copper tube, exposed to the atmosphere, was
capped with a valve.

[nitial experiments were conducted with the valve closed
(such that no air could pass through the tube). Figure 6 shows a typ-
ical set of results with the water levels lowered below the coarse
zone. As is seen in reviewing Figures 6a through 6d, the dye pro-
gresses rapidly along the coarse zone, crossing the water table, trav-
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eling within the CF. and then returning Lo a distance below the water
table. These results demonstrate that, in the presence of hetero-
geneity. water can move from below the water table into the CF.
Hence. a transport mechanism is demonstrated that will allow
mixing of Iuids from below the water table with (luids in the CF.

These results also illustrate an interesting phenomenon in that
the water levels in the two reservoirs are low enough, relative to the
top of the coarse sand layer, that the upper portion of the coarse zone
should have desaturated, thus creating a low relative hydraulic
conductivity in the coarse zone and an effective barrier to flow along
the upper portion of the coarse zone. Clearly, this behavior is not
observed in the images. This implies that the coarse zone has
remained at high fluid saturation despite being at an elevation
high enough to lead to desaturation.

[t was hypothesized that this behavior was the result of what we
now Lerm an “air entry barrier” (AEB). By this hypothesis. the fine
sand overlying the coarse sand remained, for this position of the
inlet and outlet water levels, at nearly full saturation. As a result, the
relative permeability to air through the fine sand was extremely
small. This led to the conclusion that, during the period covered by
these experiments (several days), the fine sand overlying the coarse
sand prevented air from entering the coarse sand at a sufficient rate
to allow significant desaturation of the coarse sand.

In an effort to test this hypothesis, the experiment was once
again initiated with the valve closed on the copper tube. After



(a) ’
Valve
Closed

Coarse Sand
Layer

Coarse Sand
Laver

(b) A e
Coarse Sand
Laver

Valve

[

Zone of
Desaturation

Zones of
Desaturation

Figure 7. The experiment in Figure 6 repeated with the barrier to influx of air removed via a copper tube penetrating into the coarse layer (h)
and through a continuous layer of the coarse sand to the surface (¢). Comparison of Figures 7a and 7h illustrate that the mere presence of the
copper tube penetrating into the coarse sand was insufficient to allow air entry, When a valve on the copper tube was closed (Figure 7a), llow
continued to move through the coarse sand. Immediately upon opening of this valve, air entered the coarse sand via the tube, thus leading to
desaturation of the upper portion of the coarse sand and cessation of flow in this portion of the CF (Figure 7h).

observing rapid tracer movement through the coarse sund. the
valve on the copper tube was opened. The response was almost
instantaneous. Within several minutes, the upper portion of the
course sand had desaturated and the tracer was no longer transported
along this route. This resultis illustrated by comparing Figures 7a
and 7h, showing the change in saturation of the course zone before
(Figure 7a) and alter (Figure 7b) the valve was opened. Figure 7e
shows the lack of saturation doring a linal experiment in which the

coarse sand was connected 1o the surface via o secondary route ol

coarse sand (thus breaching the AEB). 1t is clear in Figure 7¢ that
the degree ol saturation in the upper portion of the original course

sand inclusion is substantially lower than in Figure 7a. No tracer

migration was observed through the upper portion of the coarse sand
under conditions shown in Figures 7b and 7c.

To our knowledge, these results are the first 10 illustrate the exis-
tence of such an AEB in the region above the water table. The impli-
cation of this result is significant as the elevation of nearly saturated
pores can be quite high (1 m or more) above the water table in sed-
iments containing continuous layers of clay or silts; Hence. mn the
presence ol a clay or silt “barrier” above a coarse sand or gravel it
is conceivable that the sand or gravel, may remain at high moisture
content and, therefore, at high relative permeability at locations sig-
milicantly above the water table

Conclusion

The work presented here is exploratory in nature. The exper-
imental and numerical results demonstrate that flow and solute
transport may be far more significant in the CF than commonly
assumed. These results are consistent with the theory of fluid flow

in partially saturated media and with empirical laboratory and
field evidence (i.c.. geochemical measurements., observed movement
of contuminants. stream hydrographs, and biological dwa). The
experimental results also demonstrate that, in the presence of het-
erogeneity, local flow and solate transport within the capillary
fringe may be extremely complex.

These results are interpreted as implying that the CF may
play a far more active role than previously anticipated in the trans-
port of solutes and the mixing of water from the vadose zone with
that below the water table. The implications may be of critical
importance 1 understanding geochemical and hiological activity at
the upper boundary of ground water systems, including both local
(e.g.. remediation) and regional (e.g.. the study of subsurface
ecosystems) scales. In particular, active flow and geochemical/bio-
logical activity in the 1010 25 em (or more) of the CF may have sig-
nificant impact on (1) contaminants approaching the water table from
the vadose zone, (2) biodegradation and geochemical transforma-
tion of contaminants near but below the water table. (3) the hori-
zontal transport of contaminants near the water table. and (4} the geo-
chemical (and isotopic) signature of mixed water entering the
ground water zane.
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